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EXPERIMENTAL INVESTIGATION OF HEAT-TRANSFER DISTRIBUTIONS 

IN DEEP CAVITIES IN HYPERSONIC SEPARATED FLOW 

By Allan R. Wieting 
Langley Research Center 

SUMMARY 

An experimental study has been conducted in  the 7-inch Mach 7 pilot tunnel at the 
Langley Research Center to determine the local cold-wall convective heating rates t o  
smal l  rectangular cavities with width-depth ratios varying from 0.063 to 0.524. The 
tests were conducted at a nominal Mach number of 7.0, zero  angle of attack, stagnation 
temperatures of approximately 3000' R and 3400' R (1700 K and 1900 K), stagnation 
pressures  of approximately 1600 psia and 2000 psia (11 MN/m2 and 14 MN/m2), and 
free-s t ream unit Reynolds numbers between approximately 1.4 X lo6 per  foot and 
2.3 X lo6  per  foot (4.6 X lo6 per  meter  and 7.0 X lo6 per  meter) .  The resul ts  of the 
study indicate that the local convective heat flux to the cavity increases  with cavity width, 
is a maximum at the top of the forward-facing wall, and decreases  monotonically along 
the wetted perimeter of the cavity. The experimental heat-flux distributions a r e  in good 
agreement with theory when the flow within the cavity is primarily inviscid. The results 
a lso indicate that the average cavity heat flux is, in  general, less than the corresponding 
flat-plate heat flux. 

INTRODUCTION 

Aerodynamic heating c rea tes  a major problem for  the designer of hypersonic vehi- 
cles because of the resulting high surface temperatures and thermal  gradients through 
the s t ructure .  Excessive temperatures and thermal gradients are reflected in structural  
weight increases  to  avoid intolerable stress levels o r  deflections. Hence, to  achieve the 
s t ructural  efficiency required for  feasible hypersonic flight, the designer must be able to 
predict the surface heating with a reasonable degree of accuracy. Relationships exist for  
predicting aerodynamic heating to smooth surfaces.  However, many surface defects 
(gaps at joints, differential ablation, cavities, etc.) exist in  any vehicle and a r e  a potential 
source of boundary- layer separation and possible increased aerodynamic heating. 

Separated flow as produced by surface defects has been studied by many investiga- 
t o r s .  
indicate that the average heating rate to a cavity in  laminar separated flow is 56 percent 

(See refs .  1 to 12.) In 1956 Chapman (ref. 8) produced theoretical resul ts  which 



of that fo r  attached flow. However, his resul ts  are applicable only to limited cases (that 
is , negligible recirculation within the cavity, ze ro  boundary layer at separation point, 
smal l  viscous shear-layer thickness relative to the cavity dimensions, and so forth). In 
1963 Chapman's model was modified by Denison and Baum (ref. 13) to account fo r  a finite 
boundary layer at the separation point. Their resul ts  indicate that the rat io  of heat t rans-  
f e r  ac ross  a free shear  layer t o  that for  attached flow varies  f rom 0.61 at the separation 
point to  Chapman's value of 0.56 far downstream. Although the theory agrees ,  in general, 
with experimental data (refs.  9 and lo), the local heat-flux distribution along a cavity wall 
cannot be determined by the theories of reference 8 or reference 13. However, in  1965 
Burggraf (ref. 14) analyzed the flow within a rectangular cavity by using an inviscid 
recirculating core with uniform vorticity and uniform total enthalpy. His analysis per-  
mits determination of the heat-flux distribution along the cavity surfaces and the distri-  
bution is shown to  be in  good agreement with experimental data. (See ref.  14.) Most 
experimental data on separated flow a r e  for  cavities with width-depth ratios of 1.0 o r  
greater  , whereas the current  interest  is in "deep" cavities which have width-depth ratios 
much less than 1.0. This interest  is due to  the possible application of "open-faced" 
honeycomb type s t ructures  .(ref. l l ) ,  which would utilize a series of cavities with width- 
depth rat ios  less than 1.0, as a means of reducing aerodynamic heating to the pr imary 
s t ructure  of hypersonic vehicles. 

The present paper presents the resul ts  of an  experimental study conducted in  the 
7-inch Mach 7 pilot tunnel a t  the Langley Research Center to determine the local cold- 
wall convective heating rates to smal l  rectangular cavities with width-depth ratios from 
0.063 to  0.524. The tests were conducted at a nominal Mach number of 7,  ze ro  angle of 
attack, stagnation temperatures of approximately 3000' R and 3400° R (1700 K and 
1900 K), stagnation pressures  of approximately 1600 psia  and 2000 psia (11 MN/m2 and 
14 MN/m2), and at free-s t ream unit Reynolds numbers between approximately 1.4 x 106 
per  foot (4.6 X 106 pe r  meter)  and 2.3 X 106 pe r  foot (7.0 X lo6 per  meter) .  The local 
convective heat-flux distributions a r e  presented for  various cavity widths and are com- 
pared with the theory of Burggraf ( ref .  14). The average cavity heat flux is determined 
and compared with the corresponding flat-plate heat flux and the theoretical resul ts  of 
Chapman and Burggraf. 

SYMBOLS 

The units used fo r  the physical quantities defined in  this paper are given both in  
the U.S. Customary Units and in the International Systems of Units (SI). Factors  relating 
the two systems are given in  reference 15 and appendix A .  
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d 

2 

L 

M 

N p r  

NRe,L 

NRe ,x 

n 

S 

T 

t 

W 

cavity depth, in. (cm) 

cavity length (transverse to flow), in. 

distance from leading edge to separation point, in. 

Mach number 

Prandtl  number 

Reynolds number based on conditions at L 

unit Reynolds number based on free-s t ream conditions 

integer 

pressure,  psia (N/m2) 

normalized heat-flux distribution (eq. (B2)) 

total heating rate ,  Btu/sec (J/s) 

local heat flux, Btu/ftZ-sec (W/mZ) 

average heat flux, Btu/ftz-sec (W/m2) 

radius,  in. (cm) 

distance along cavity per imeter  measured from x = 0, in.  

wetted perimeter of cavity, in. 

temperature,  OR (K) 

t ime, sec (s) 

cavity width (streamwise direction), in. (cm) 

(cm) 

(cm) 

(cm) 
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X normalized coordinate, (1 - s/so) 

X,Y 4 model coordinates (see fig. l ) ,  in. (cm) 

6 boundary-layer thickness 

P(u,v) generalized Riemann zeta  function 

Subscripts : 

C cavity 

cr  cri t ical  

fP  flat plate 

m model 

S local location 

t total 

Superscript : 

* property evaluated a t  Eckert  reference temperature 

MODEL, APPARATUS, AND TESTS 

Model 

A sketch of the basic model configuration is shown in figure 1. The stainless-steel  
flat-plate holder was 7f inches (19.7 cm) long and 4 inches (10.2 cm) wide and had a 
semiwedge-shaped leading edge. The rectangular cavities were formed by slip-cast  
fused-silica inser t s ,  which also served to  insulate the instrumented surfaces  f rom the 
holder. A 0.012-inch-thick (0.30-mm) stainless-steel  plate was attached to the r e a r  
and bottom inser t s  of the cavity to serve  as sensing surfaces.  These surfaces  were 
instrumented with 20 (36 gage) chromel-alumel thermocouples. Thermocouple locations 
are given in  table I.  Forward inser ts  of various s izes  were used to  obtain cavity widths 
w from 0.050 inch to  0.419 inch (0.127 cm to 1.064 cm). The cavity depth d was fixed 
at 0.8 inch (2.0 cm). The corresponding width-depth rat io  w/d varied from 0.063 to  
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0.524. Scaled profiles of the cavity geometries are presented in  figure l(b). The cavity 
length (dimension t ransverse to  flow direction) was made large (1 = 3 inches (7.6 cm)) 
relative t o  the cavity width and depth to  minimize cavity sidewall effects on the flow at 
the pr imary data measurement station, which was at the cavity midlength. To ascertain 
whether there  was significant t ransverse flow within the cavity which might arise from 
pressure  differences over the cavity length, the cavity length was reduced to  1 inch 
(2.5 cm) for  certain tests. Pertinent cavity details are given in  table 11. 

Static pressures  were obtained on the surface of the model and 0.05 inch (0.13 cm 
from the bottom surface of the cavity. P res su re  orifice locations are given in table IJI. 

A photograph of a typical cavity model test setup is presented in  figure 2. As can 
be seen  from the photograph, the leading edge deteriorated during the testing. The max 
mum nose radius of the cavity holder at the end of testing was approximately 0.06 inch 
(0.15 cm). The cavities were located far downstream relative to the nose radius and the 
increased nose bluntness due to its deterioration had no discernible effect on the flow 
over the cavity proper. 

Test Facility 

The tests were conducted in  the 7-inch Mach 7 pilot tunnel at  the Langley Research 
Center. This tunnel is a hypersonic blowdown facility with a high-energy level obtained 
by burning a mixture of methane and air under high pressure,  the combustion products 
serving as the tes t  medium to obtain hypersonic flight simulation. A drawing of a sec- 
tion of this tunnel is shown in figure 3. Air is introduced at  p ressures  up to 2300 psia 
(16 MN/m2), mixed with methane, and then burned in the combustion chamber. The com- 
bustion products are then expanded through an axisymmetric contoured nozzle and passed 
through the free-jet test section. The flow is diffused in  a straight-tube diffuser and 
pumped to the atmosphere by means of a single-stage annular air ejector.  

The tunnel operating stagnation-pressure range is approximately 400 psia to 
2300 psia  (3 MN/m2 to  16 MN/m2) and the stagnation temperature range is approximately 
1200° R to 3400' R (700 K t o  1900 K). 
sured at the downstream end of the combustion chamber just pr ior  t o  the contraction of 
the nozzle. 

Stagnation temperatures and pressures  are mea- 

Previous studies (refs.  16 and 17) indicate that the aerodynamic heating and loading 
coefficients obtained in  the combustion products tes t  medium of this facility are compara- 
ble with those obtained in air facilities. 

Tests 

All tests were made at a nominal Mach number of 7 and with the model at an  angle 
of attack of 0' to  the flow. Tests  were made at stagnation temperatures of approximately 
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3000° R and 3400' R (1700 K and 1900 K), stagnation pressures  of approximately 1600 psia 
and 2000 psia  (11 MN/m2 and 14 MN/m2), and at free-stream unit Reynolds numbers 
between approximately 1.4 X 106 pe r  foot (4.6 X 106 pe r  meter)  and 2.3 X 106 pe r  foot 
(7.0 x 106 per  meter).  A summary of the test conditions for  each cavity is given in  
table IV. Care was taken to  insure that the cavity-sensing surfaces  were at room tem- 
perature (530' R (294 K)) pr ior  to each test. 

The model was held out of the tes t  s t ream until the tes t  conditions were established 
and then inserted by means of a hydraulically actuated mechanism. The insertion was 
accomplished in a t ime interval of 0.8 second. 

The output of model and tunnel thermocouples and transducers was recorded by a 
steady-state recording system sampling at a ra te  of 20 f rames  per  second. These data 
were used to  determine tunnel test conditions, cavity surface temperatures,  and heating 
rates. The thermodynamic, transport ,  and flow properties of the gas used in the reduc- 
tion of the data were  determined by the methods discussed in reference 18. 

DATA REDUCTION 

Local convective heat fluxes were determined by the transient thin-wall technique. 
By this technique, the heat-transfer ra te  is assumed to be equal to the rate at which heat 
is stored in the surface; thus, 

dTS 
q s  = PTC - dt 

where p,  T ,  and c are, respectively, the density, thickness, and specific heat of the 
sensing surface.  The heat-transfer data were determined at the instant the model 
reached the center line of the tes t  region and before the surface temperature increased 
enough for  radiation and conduction along the sensing surfaces  to be significant. In gen- 
eral, the maximum surface temperature rise during this interval was less than 40° R 
(22 K). 
in  the data presented. 

Consequently, no correction has been made for  surface conduction or  radiation 

Nicoll (ref. 19) investigated the problems encountered in using the transient "thin 
wall" technique to determine heat- t ransfer  ra tes  in  hypersonic separated flow. The main 
problem is the t ime required to establish steady-state flow conditions within the separated 
region, since the transient thin wall technique is based on the assumption that steady- 
s ta te  conditions exist. Nicoll determined from dimensional analysis that the time 
required for  the establishment of steady-state conditions in  a cavity is d2/v for  diffu- 
sion of vorticity and d2/& for  diffusion of heat, where v is the kinematic viscosity 
and a is the thermal  diffusivity of the tes t  medium. Since for  a gas LY = v/Npr, the 
t imes a r e  of the same order ,  and are approximately 0.2 second for  the present test. The 
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insertion time for  the model was approximately 0.8 second; hence, steady-state conditions 
are believed to exist in the cavity before the model reaches the test region center line. 

The accuracy of the data presented is estimated to be within the following 
limitations : 

Pressu re ,  cavity static,  pc . . . . . . . . . . . . . .  *0.02 psia  (0.14 kN/m2) 
P res su re ,  model static, pm . . . . . . . . .  ; . . . .  *0.02 psia  (0.14 kN/m2) 

Heat flux, local convective, q . . . . . . . . .  k0.06 Btu/ft2-sec (0.68 kW/m2) 
P res su re ,  stagnation, pt . . . . . . . . . . . . . . . .  *40 psia  (0.28 MN/m2) 

Temperature,  stagnation, Tt . . . . . . . . . . . . . . . . . .  *looo R (56 K) 

RESULTS AND DISCUSSION 

Open cavity flow (that is, the flow bridges the cavity opening) has been found to exist 
for  cavities with w/d rat ios  up to 14. (See re fs .  5 and 20.) Inasmuch as w/d < 1 for  
the present study, the flow is believed to be open cavity flow. 
shown (refs. 5 and 20) that for  this type of cavity flow, the pressure  on the bottom surface 
of the cavity is essentially the same as the pressure  on the model surface.  
su re  pc is expressed as a rat io  to the model surface pressure  pm and is presented in  
figure 4 as a function of the cavity width-depth ratio w/d. Data are presented f o r  each 
cavity length and unit Reynolds number. The ratio p pm is approximately one for  all 
cases  and is apparently independent of Reynolds number and cavity length for  the present 
study. A schematic of the cavity flow considered herein is presented as figure 5. 

Furthermore,  it  has been 

Cavity pres-  

c/ 

Heating Distributions 

Experimental - heat-flux distributions ~~ ~ .- Heat-flux distributions along the rear and 
bottom cavity surfaces are presented in figures 6 to 8 for  all cavity configurations and 
tes t  conditions. In each figure the local heat flux qs 
corresponding laminar flat-plate heat flux q The value of q used for  each case 
is given in table IV and was determined at the cavity midpoint for  each tes t  condition from 
the well-known Pohlhausen relationship for  a flat plate (ref. 21) and corrected fo r  com- 
pressibility by the Eckert  reference temperature method (ref. 22). 

is expressed as a ratio to the 

fP' fP 

The normalized heat-flux distributions along the r e a r  and bottom surface are plotted 
as a function of the normalized depth x/d and normalized width y/d, respectively. Data 
f rom all thermocouple locations are presented. In each case the heat flux is a maximum 
at x/d = 0 (top) and appears to decrease monotonically along the wetted length of the 
rear and bottom surfaces.  The distribution on the rear surface is well represented by 
a third-order exponential curve f i t  to the data in  a least-squares sense.  The effect  of 
unit Reynolds number is indicated in figure 6. Over the small  range of unit Reynolds 
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numbers of the test, there  is no discernible Reynolds number effect on the heat-flux ratio. 
Hence, the local heat flux and flat-plate heat flux increased proportionately with the 
s t ream Reynolds number. 

Tests with a cavity of 1-inch (2.5-cm) length were made to aid in  determining 
whether any t ransverse flow effects existed in the 3-inch-long (7.6-cm) cavity. The 
1-inch (2.5-cm) length was chosen to  minimize any t ransverse  flow effects which might 
result  f rom pressure  differences over the cavity length. Consequently, by comparing 
the heat-flux distributions in the 1-inch (2.5-cm) cavity with those obtained for  the 3-inch 
(7.6-cm) cavity, the effects of significant t ransverse flow in the 3-inch (7.6-cm) cavity 
should be made apparent. 
x/d = 0.375 for the 1-inch-long (2.5-cm) cavity (w/d = 0.211) is presented in figure 7(a). 
Inasmuch as there  is no discernible variation in the heat flux over the cavity length, it is 
believed that the flow in  this cavity was two dimensional. Heat-flux distributions for  the 
two cavity lengths for  a w/d ratio of 0.211 are compared in  figure 7(b). The heat-flux 
distributions fo r  the different length cavities a r e  the same  within the scatter of the data. 
Consequently, any t ransverse flow effects in the 3-inch (7.6-cm) cavity were small  and 
had a negligible effect on the flow within the cavity. Inasmuch as the external flow over 
the cavity proper was primarily two-dimensional and no significant t ransverse flow effects 
were evident within the cavity, it is believed that the flow inside the 3-inch-long (7.6-cm) 
cavity was  a lso two-dimensional. 

The local t ransverse (z-direction) heat-flux distribution at 

Cavity width effect on the heat-flux distribution is indicated in  figure 8. For  a given 
unit Reynolds number, the flat-plate heat flux q 
of cavity sizes;  hence, the local heat flux increases  with cavity width. 

is essentially constant over the range fP  

The local heat flux at x/d = 0 var ies  from approximately 0.6q for  the smallest  fP 
cavity to approximately 1.5q 
heat flux decreases  rapidly to less than 10 percent of qfp for  x/d > 0.5. 

Comparison with - theory.- -- . -- The data are compared with the theoretical heat-flux 
distribution of Burggraf (ref.  14, discussed in appendix B), which is based on a single 
eddy model (see fig. 5) of an inviscid recirculating core  with uniform vorticity and uni- 
form total enthalpy within a rectangular cavity. Application of the theory is limited to 
cases  in which the recirculating cavity flow is primarily inviscid. For the cavity flow to 

be inviscid and the theory applicable, the test N R e , ~  
value of N ; I , , ~ , ~ ~  given by equation (Bl).  If N R ~ , L  < N R ~ , L , ~ ~ ,  the cavity flow is vis- 

cous. The tes t  NRe,L for  the present study is compared with NRe,L,cr in the fol- 
lowing table for  each cavity: 

for the largest  cavity. However, in each case,  the local 
fP 

* 
must be greater  than the critical 

* * 
* * 
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w/d 

0.063 

0.211 

0.383 

0.524 

* 
NRe, L , c r 

2.50 x 105 

1.63 x 105 

0.45 x 105 

0.23 x 105 

* 
NRe ,L 

1.4 x 105 
1.8 x 105 

1.4 x 105 
1.8 x 105 

1.4 x 105 
1.8 x 105 

1.4 x 105 
1.8 x 105 

A s  can be seen from the table, the theory should be valid for the two larger  cavities 
(w/d = 0.383 and 0.524) but not valid for  the two smaller  cavities (w/d = 0.063 and 0.211). 

for  all cavities a r e  compared with 
the theory of reference 14 in figures 9 and 10. In these figures the normalized heat-flux 
rat io  q q is plotted as a function of the normalized distance X along the wetted 
perimeter of the cavity. The theoretical curve presented in each figure was determined 
from equation (B4). 

The normalized heat-flux distributions qs qfp 

./ fP 

The experimental heat-flux distributions shown in figure 9 a r e  in good agreement 
with the theory for  the cavities with width-depth rat ios  of 0.383 (fig. 9(a)) and 0.524 
(fig. 9(b)). As previously indicated in the table, the theory was indicated to be valid for 
these two cavities. The heating resul ts  f rom these two cavities indicate that the theory 
of reference 14 may accurately predict the local heat-flux distributions in  rectangular 
cavities where the cavity flow is inviscid. 

As previously discussed, the theory was not expected to  yield good resul ts  for  the 
cavities with width-depth rat ios  of 0.063 and 0.211. A comparison of the experimental 
heat-flux distribution in these cavities (indicated to have viscous-recirculating flow) and 
the theoretical heat-flux distribution (ref. 14) is made in figure 10. It appears f rom the 
comparison of the theory and the data that for a given s ize  cavity, the local heat flux is 
larger  near the top edge of the rear surface i f  the recirculating flow within the cavity is 
primarily viscous. The experimental resul ts  of reference 6 show that for  a given size 
cavity, the local and average heat flux to  the cavity increases  as the external boundary- 
layer thickness increases.  Burggraf (ref. 14) showed that as the external boundary layer 
thickens, the core  within a given cavity becomes proportionately more viscous. Hence, 
it appears that the resul ts  of reference 6 also indicate an increase in  cavity heating with 
a viscous core.  

9 



When the cavity core  is inviscid (that is, a smal l  boundary layer within the cavity), 
the energy transport  to the cavity comes primarily f rom the external flow over the cavity, 
but as the cavity boundary layer thickens and the cavity core  becomes viscous, there  is 
additional energy dissipated t o  the cavity wall as a resul t  of viscous action within the 
cavity boundary layer.  The theoretical resul ts  of reference 7 lend credence to  this 
explanation as their  resul ts  indicate that as the cavity becomes small  (w/d - 0), viscos- 
ity and momentum play an equally important role  in momentum transfer  in  the cavity. 
Consequently, it appears that the heating will be higher to  a given cavity if the recircu- 
lating cavity flow is viscous rather  than inviscid. 

Average Cavity Heat Flux 

The heat-flux distributions t o  each surface were integrated over their  respective 
areas and summed to obtain the total heating ra te  to the cavity surfaces.  The experimen- 
tal heat-flux distributions were used fo r  the rear and bottom surfaces.  The heat-flux 
distribution along the front surface was taken to  be that predicted by the theory of 
Burggraf. The total heating ra te  to  the cavity Qc is compared with the total heating 
rate  to the flat plate (to area wl) Qfp as a function of w/d in  figure 11. It is appar- 
ent from this figure that as w/d approaches zero,  the total cavity heating rate  approaches 
the flat-plate value and ze ro  as would be expected. It is also evident that Qc becomes 
much smaller  than &f as w/d increases.  Consequently, it appears that cavities 
having w/d values greater  than about 0.15 receive less heat to their  entire surfaces  
than does a flat plate of area equal to the cavity opening. The rat io  of the average cavity 
heat flux ?j - Q wl to  the corresponding flat-plate heat flux qfp = f p  wl is plotted as 
a function of the normalized cavity width w/d in  figure 12. The experimental heat flux 
increases f rom approximately 0.5q for  w/d = 0.524 to approximately l . l q  for  
w/d = 0.063. This trend is due to the nonlinear relationship between the total cavity 
heating rate  and the cavity width w. 

P 

( c -  c/ ) ( Q / )  
fP fP 

The normalized average cavity heat flux as predicted by the theoretical resul ts  of 
references 14 and 8 are also presented in figure 12. Burggraf's equation for  the heat-flux 
distribution (eq. (B2)) is not amenable to  normal integration techniques; hence, a graphical 
technique was used t o  obtain the results shown. 

The theoretical curve indicates that the average cavity heat flux increases  slightly 
as the cavity width decreases .  Chapman's theoretical resul ts  (ref. 8) indicate that the 
average cavity heat flux is a function of the Prandtl  number only q qfp = 0 . 6 0 N ~ r O . ~ ~ ) .  
Inasmuch as the resul ts  of reference 14 match Chapman's for  w/d = 0 (infinitely deep 
cavity), it is reasonable to assume that Burggraf's resul t  would show the same dependence 
on the Prandtl  number. With this assumption it can be estimated that Burggraf's theoret- 
ical resul ts  for N p r  = 1 overpredict the heat-flux rat io  cc/qfp for  the present study 
(Npr = 0.75 by approximately 6 percent. 

10 
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As noted before, the experimental resul ts  a r e  in  good agreement with theory for  the 
two larger  cavities (w/d = 0.383 
is greater  than the theoretical values fo r  the two smaller  cavities. However, it is appar- 
ent that, in  general, the average cavity heat flux is less than the corresponding flat-plate 
heat flux. 

and w/d = 0.524). The average cavity heat f l u x  ac 

CONCLUDING REMARKS 

An experimental study has been conducted in the Langley 7-inch Mach 7 pilot tunnel 

The tests were conducted at a nomi- 
to  determine the local cold-wall convective heating rates to  smal l  rectangular cavities 
with width-depth ratios varying from 0.063 to 0.524. 
nal Mach number of 7.0, ze ro  angle of attack, stagnation temperatures of approximately 
3000' R and 3400' R (1700 K and 1900 K), stagnation pressures  of approximately 
1600 psia and 2000 psia (11 MN/m2 and 14 MN/m2), and free-s t ream unit Reynolds num- 
b e r s  between approximately 1.4 X lo6 per  foot (4.6 X lo6  per meter)  and 2.3 X lo6 per  
foot (7.0 X lo6  per  meter) .  

The resul ts  of the present study indicate that the local convective heat flux to the 
cavity (1) increases  as the cavity width is increased, (2) is a maximum a t  the top of the 
r e a r  surface,  (3) decreases  monotonically along the wetted per imeter  of the cavity, (4) is 
less than 10 percent of the corresponding flat-plate heat flux on the bottom surface,  (5) is 
in good agreement with the theory of Burggraf when the flow within the cavity is inviscid, 
and (6) may be higher than the theoretical value for  a given cavity if the recirculating 
flow is viscous. 

The average cavity heat flux is, in general, less  than the corresponding flat-plate 
heat flux for  deep cavities with width-depth ratios less  than 1. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., June 23, 1970. 
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U.S. Customary 
Unit 

11111 

Conversion 
factor 
(*)  

APPENDIX A 

CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

Btu/ft2-sec 
ft2/sec 

per f t  in. 
psi 
OR 

Factors  required for  converting the units used herein to  the Internat-mal System of 
Units  (SI) a r e  given in the following table: 

1.134 X 104 
9.290 x 
0.02 54 
3.28 
6.895 X 103 

5/9 

Physical quantity 

mega (MI 
kilo (k) 
centi (c) 
milli (m) 

Heat flux . . . . . . . . . 
Kinematic viscosity . . . 

106 
103 
10- 2 
10-3 

Length . . . . . . . . . . 
P r e s  su re  . . . . . . . . . 
Temperature . . . . . . . 

______.__~__ __-_ 

SI unit 

(**I 
watts/meter2 (W/m2) 
meters2/second (m2/s) 
meters  (m) 
per meter (m-1) 
newtons/meter2 (N/m 2) 
Kelvin (K) 

____ 

Wultiply value in U.S. Customary Unit  by conversion factor to  obtain 

%refixes to  indicate multiples of units a r e  as follows: 
equivalent value in SI Unit. * 

12 



APPENDIX B 

THEORE TICAL HEAT- FLUX DISTRIBUTION 

In the analysis of the flow field within rectangular cavities (ref. 14), the flow was 
visualized as an inviscid rotational core  with uniform vorticity and uniform total enthalpy 
separated from the external flow by a recirculating viscous layer.  (See fig. 5.) The 
equations governing the flow in a square cavity (single recirculating eddy) were deter-  
mined and then extended by an approximate linearized method to  include rectangular cavi- 
t ies .  
the full Navier-Stokes equations and were found to  be in good agreement. 

The linearized resul ts  were compared in reference 14 with numerical solutions of 

Application of the analysis of reference 14 is limited to cases  for  which a central  
inviscid core flow exists.  For cavities with w < d,  the core  becomes completely viscous 
when the boundary-layer thickness within the cavity 6, becomes equal to  one-half the 
cavity width w. Hence, the applicability of the theory can be checked by determining the 
cavity boundary-layer thickness. The crit ical  Reynolds number NRe,L,cr at  which the 
flow becomes completely viscous 6, = w/2 for  cavities with w < d is given by (from 
ref. 14) 

* 

* 
= 240($) 4/3 (1 + $) NRe, L , c r 

* For the theory to be applicable, NRe,L (test Reynolds number) must be greater  

The linearized analysis of the momentum equations was extended to solve the 
energy equation which was further simplified by assuming a Prandtl  number of one. In 
reference 14 a normalized heat-flux distribution Q(X) is defined as the ratio of the local 
heat flux to  the surface of a finite-depth cavity to the average heat flux across  the separa- 
tion streamline for  an infinitely deep cavity. 
Q(X) in  which total enthalpy and its gradient a r e  matched on the average over the entire 
separation streamline was used. 

than N R ~ , L , ~ ~  given by equation (Bl). 

In the present report  the relationship for  

The equation for  the heat-flux distribution is 

where <(u,v) is the generalized Riemann zeta function. The function s(g, v) has been 
tabulated in reference 23 and is given to an accuracy of one par t  in 100 000 by the curve 
f i t  (from ref. 14) 

13 



APPENDIX B 

5 <(;, v) = - 1 + C an(v + 1)" 

n=O 
F 

(0 < v < 1) 

where the coefficients an are 

a0  = 0.803323 

a1 = -3.89728 

a2 = 2.55002 

a3 = -1.19121 

a4 = 0.308284 

a5 = -0.0335024 

To obtain the local heat flux qs, i t  is necessary to  multiply Q(X) by the average heat 
flux across  the separation streamline for an infinitely deep cavity. Burggraf reports  
that for large Reynolds numbers (ReL E 1 /G2) ,  recirculation is negligible for  very deep 
cavities (w/d - 0) and concludes that Chapman's model (ref. 8) is a valid representation 
for  an infinitely deep cavity. As a consequence, Burggraf suggests that the normalized 
heat-flux distribution Q(X) be multiplied by 60 percent of the flat-plate heat flux 
(Chapman's result  for  Npr = 1) to obtain the local heat flux to the cavity. Thus, the 
normalized heat-flux distribution qs/qfp is given by 

which is used in the text for the comparisons with the experimental data. 

14 
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Depth, d Length, 2 

0.169 

0.306 

0.419 

0.429 

0.777 

1.064 

TABLE I.- THERMOCOUPLE LOCATIONS 

(a) Rear  surface (b) Bottom surface 

Y ! X I Z z l  1 in. 

0.01 
.03 
.04 
.05 
.10 
.15 
.20 
.25 
.30 
.30 
.30 
.40 
.60 
.65 

mm 

0.25 
.76 

1.02 
1.27 
2.54 
3.81 
5.08 
6.35 
7.62 
7.62 
7.62 

10.16 
15.24 
16.51 

in. 

0 
-0.25 

.25 
0 
0 
0 
0 
0 
0 

- .25 
.25 
0 
0 
0 

mm 

0 
0 
0 

3.18 
6.35 
9.53 

mm in. 

0 
-0.25 
- .95 
0 
.125 
0 

0 
-6.35 

6.35 
0 
0 
0 
0 
0 
0 

-6.35 
6.35 
0 
0 
0 

0 
0 
0 

0.125 
.250 
.375 

-6.35 
-24.13 

TABLE II.- PERTINENT CAVITY DETAILS 

1 Width, w Width 
Depth’ I 

in. 

0.8 

0.8 

cm 

2 .o 
2.0 

in. 

3 

3 

1 

3 

1 

3 

- 

cm 

7.6 

7.6 

2.5 

7.6 

2.5 

7.6 

- _  

__ 

0.063 

0.383 

0.524 

0.8 2 .o 

0.8 2.0 

TABLE III.- PRESSURE ORIFICE LOCATIONS 

i 

1 O.75 

I in. 
z q  

0 
in- .75 h 1.91 

cm 

0 
1.91 

in.  

3.5 
.01 

cm 

8.9 
.03 
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I II 

TABLE IV.- SUMMARY OF TEST CONDITIONS 

0.063 

0.211 

3.383 

1.524 

M 
NRe ,x 

K 1 1 ft-1 m-1  Btu/ft2-sec kW/m2 

5.84 x lo6 2.58 29.3 6.91 

7.61 X 106 2.98 33.8 6.94 

5.67 x 106 2.68 I 30.4 16.90 

cm psia  MN/m2 OR 
-. -. 

2.5 1588 10.9 13380 

2017 13.9 3360 

7.6 1590 11.0 2970 

2005 13.8 2960 

2.5 1590 11.0 3380 

2018 13.9 3350 

7.6 1576 10.9 2970 

2010 13.9 2920 

- 

- 

I 

1644 '2.23 x 106 7.31 x lo6 2.96 33.6 6.94 

1878 (1.39 x 106 4.56 x 106 3.26 [ 37.0 6.78 
1- 

1867 1.76 x 106 5.77 x 106 3.58 40.6 6.78 

1650 1.74 x 106 5.71 x 106 2.68 30.4 6.90 

1644 2.27 X 106 7.45 X 106 3.01 34.1 6.94 

1878 1.38 X 106 4.53 X 106 37.3 6.78 3.29 

- 

30.7 6.90 

e 



a 

4.0 
( 1 0 . 2 )  

6.24 
(15.86)  

- .  

-/ 
I 

-. . . 

- -  

I 

:_ - -,/ ;~:-. /-/' 
Model  p r e s s u r e  o r i f i c e  

C a v i t y  p r e s s u r e  

A t 
.- i 

o r i f i c e  

4 Si l i ca  inser ts  ( t yp )  
\ 

Ho I der  ~ - \ Td 
X 

S e c t i o n  A-A 

(a) Model assembly. 

w.0.050 0.419 0 306 0 .  169 
\ I . 0 6 4 )  k- ( 0 : 7 7 7 )  7 ( 0 . 4 2 9 )  -1 1- I f  (0 .127 )  

w/d=0.383 W/d=O.21 I w/d=0.063 w/d=O. 524 

(b ) Scaled cavity profiles . 

Figure 1.- Sketch of basic model configuration and cavity profiles. 
(All dimensions are given first in inches and parenthetically 
in centimeters. ) 
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- __ 
L-70 -4704 

F igure  2 . -  Photograph of t y p i c a l  model t es t  s e t u p .  w / d  = 0.383. 

Contoured nozzl T e s t  chomber 

A i r  e j e c t o r  
Combus t ion  
chamber T e s t  s e c t i o n  

Figure  3 . -  Schematic of 7- inch Mach 7 p i l o t  t u n n e l  at  t h e  Langley Research Center .  
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2.0 

1.6 

1.2 

.8 

.4 

0 
0 1 

- 

.2 .3  
w/d 

.4 .5  

f 
.6 

Figure  4 . -  R a t i o  of c a v i t y  p r e s s u r e  t o  mode l . su r face  p r e s s u r e .  

Flow - Separa t ion  streamline Separation po in t  

_ _ - -  - - -  

Externa: boundary l a y e r  

- - _ _  - Leading edge 

/ / I / / / / /  //////////‘//// I / / / / / , ’ / / /  ’ ’ / / / . ’  .- 

Inviscid Reci r c u l a t i  ng core 

Recirculat ing boundary layer 

L I -  
F igu re  5.- Schematic of c a v i t y  f l o w .  
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2.0 

I .6 

1.2 

.8 

.4 

0 
0 .I .5 

r: /d 

0 

1 .6 

NRe,x 2 

1.78x106/ft (5.84xIO6/m) 3in.(7.6cmI 

Y 

( a )  w/d = 0.063. 

-. - -_ ~ ~ - . . .. - 

z 

0 1.73x106/ft (5.67xIO6/m) 3in.(7,6cm) 

0 2.23x106/ft (7.3Ix1O6/m) 3in.(7.6cm) 

fP 

0 .I .2 .3 .4 .5 .6 .7 .8 .9 1.0 0 _I .2 .3 

x /d Y /d 

(b) w/d = 0.211- 

Figure  6.- Normalized hea t - f lux  d i s t r i b u t i o n s  on c a v i t y  rear and bottom s u r f a c e s .  
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q, 
q f P  .a i!l,l . 4 ~  0 0 .I .2 

0 

la .I 
Y 1 

x / d  

I I I n  . . . . . .  
I "  

0 I .  7 4 x  IO6/, t ( 5 .7  I x I 0 6 / m )  

2 . 2 7 x I O 6 / f t  ( 7 . 4 5 x 1 0 6 / m )  3 i n .  (7 .6cm)  . 
3 in .  ( 7.6cm) 

0 ,I .2 . 3  .4 .5 

( e )  w/d = 0.383 

I I Y  NRe,x  

0 I .  7 3 x  1 0 6 / f t  ( 5 . 6 7 ~  IO6/,) 3 in .  (7.6cm) 

0 2 . 2 5 x I O 6 / f t  ( 7 , 3 8 x 1 O 6 / m 1  .?in 17.6rml 
I . .  - . , , . , . - - . . . , 

I I I I I I  

0 . I  . 2  .3 -2  .3 .4 .5 .6 .7 .8 .9  1.0 
x /d 

(d)  w/d = 0.324. 

Figure 6.- Concluded 

.4 

I 

I 
L 
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2.0 

1.6 

1.2 

.8 

.4 

0 
0 .I .2 

.5 .4 .3 ,2 .I 0 -.I -.2 -.3 -.4 -.5 
z/ I 

(a) Transverse heat-f lux va r i a t ion .  

-3 .4 
x /d 

- 
.6 

- -- ~. I -  NRe,  X t 

I 10 1.73x106/ft (5.67x106/m) 3in.(7.6cm) 
-1 

- (0 2.23x106/ft (7.31x106/m) 3in.(7.6cm) 

0 1.39x106/ft (4.56x106/m) I in.(2.5cm) 

] A  1.76x106/ft (5.77x106/m) I in.(2.5cm) 

Y 

(b)  Comparison of heat-flux d i s t r ibu t ions  along cavi ty  perimeter.  

Figure 7.- Effect  of cav i ty  length on cavi ty  heat-f lux d i s t r ibu t ion .  w/d = 0.21. 
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I l l  w/d 

0 0.063 
0 0.21 I 
0 0.383 

i 
\ 

, 

x /d 

f 

0.: 4 

- -  

Figure 8.- Effect  of cav i ty  width-depth r a t i o  on cavi ty  hea t - f lux  d i s t r i b u t i o n .  
NRe,x = 1.7 X lo6/ft  (5 .6  X 106/m); 2 = 3 inches (7.6 cm). 

.5 
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g, 
qfP 

4, 
qf P 

I .6 

1.2 

.8 

.4 

0 

X 
( a )  w/d = 0.383. 

I .6 

I. 2 

.8 

.4 

0 
0 .2 .3 .4 .5 -6 .7 .8 .9 I .o 

X 
(b)  w/d = 0.524. 

Figure 9.- Comparison of experimental  h e a t - f l u x  d i s t r i b u t i o n  i n  a c a v i t y  w i t h  - 
an i n v i s c i d - c o r e  w i t h  t h e  t h e o r y  of r e f e r e n c e  14. N R ~ , ~  = 1.7 x 106jft 
(5.6 x 106/m). 
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% 
qf P 

(a )  w/d = 0.063. 

1.6- -- 

I. 2 

.8 
- ~. - 

F r o n t  s u r f a c e  
- 

Cl 
. 1  

-4 - - 

0 
0 . I  .2 . 3  .4 

f f . . .  

-F low 

X 
(b) w/d = 0.211. 

F igure  10.- Comparison of  expe r imen ta l  h e a t - f l u x  d i s t r i b u t i o n  i n  a c a v i t y  with 
a v i scous  core  wi th  t h e  t h e o r y  of r e f e r e n c e  14. . NRe,x = 1.7 x 106/1b 
(5.6 x 106/m). 
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0 

. I  .2 .3 .4 .5 
w /d 

Figure 11.- Comparison of t o t a l  cav i ty  heat ing 
rate and t o t a l  f l a t - p l a t e  heat ing rate.  
(d  = 0.8 inch (2.0 em).) 

1.6 
2 * o  E 

r 
l- 
!- 

%e, x 1 

-1 
rt 6 1 )  i n .  (cm) 

3 (7.6) 
6 

6 
(5-6  X 10 ) 

6 0 iii 1.7 x 10 

0 = 2.2 x 10 (7.2 v 10 ) 3 (7.6) 

('1.3 x 10 G ) 1 (2.5) 0 = 1.3 x lo6 

A = 1.7 x l o E  (5.6 x LO3) 1 (2.5) 

w/a 

Figure 12.- Ratio of average cavi ty  heat  flux 
t o  f l a t - p l a t e  heat  flux. 
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